ABSTRACT Lygus hesperus Knight (Hemiptera: Miridae) causes economic damage to a wide range of crops in the western United States. While stylet-probing, L. hesperus discharge saliva consisting of lytic enzymes that facilitate extraoral digestion of host tissues. L. hesperus saliva primarily consists of polygalacturonases, ␣-amylases, and proteases, but salivary constituents other than these enzymes have not been documented. Improved knowledge of L. hesperus salivary proteins could lead to a better understanding of LygusÐ host interactions, and aid in the development of crops that are resistant or tolerant to injury caused by Lygus spp. The objective of our study was to use mass spectrometry to identify salivary proteins of L. hesperus adults. Multiple polygalacturonases and proteases were identiÞed from diet that was stylet-probed and fed upon by L. hesperus. Laccase, alkyl hydroperoxide reductase-like protein, glucose dehydrogenase, and xanthine dehydrogenase were identiÞed in styletprobed diets by using mass spectrometry, and laccase activity was conÞrmed using a colorimetric assay. This is the Þrst study to identify laccase, glucose dehydrogenase, and xanthine dehydrogenase from L. hesperus saliva; we propose these enzymes target plant-defense compounds. Nearly 100 proteins from the bacterial plant pathogen, Pantoea ananatis and nine proteins from Serratia spp. were identiÞed in stylet-probed diets. These results suggest L. hesperus may vector these plant pathogens. Our study adds to the list of documented L. hesperus salivary proteins, and provides information that will be useful for the further study of L. hesperus saliva and LygusÐmicrobe interactions.
Lygus hesperus Knight (Hemiptera: Miridae) damages a wide range of crops in the western United States (Wheeler 2001) . Although primarily phytophagous, L. hesperus also feeds on soft-bodied insects (Wheeler 2001) . While feeding on plants and insects, L. hesperus discharge lytic salivary enzymes that facilitate the extraoral digestion of host tissues (Strong and Kruitwagen 1968, Shackel et al. 2005) . Previous reports indicate that L. hesperus saliva consists of polygalacturonases (Strong and Kruitwagen 1968, CelorioMancera et al. 2009 ), ␣-amylases (Agusti and Cohen 2000, Zeng and Cohen 2000) , and proteases (Agusti and Cohen 2000; Cohen 2000, 2001; Wright et al. 2006) . Salivary polygalacturonases and ␣-amylases enable Lygus spp. to feed on host plants by digesting pectins and starch, respectively. Although salivary polygalacturonases and ␣-amylases function in phytophagy, proteases in L. hesperus saliva have been postulated to function primarily in zoophagy by digesting insoluble structural proteins of insect prey (Agusti and Cohen 2000) .
Polygalacturonases, ␣-amylases, and proteases in Lygus saliva have been studied extensively (Strong and Kruitwagen 1968; Agusti and Cohen 2000; Cohen 2000, 2001; Wright et al. 2006; CelorioMancera et al. 2009 ), but less is known about other salivary enzymes. Results of a recent study indicated that saliva of L. lineolaris is capable of digesting double stranded ribonucleic acids, which may prevent acquisition of viruses from host plants (Allen and Walker 2012) . Lygus saliva may also contain undocumented enzymes that are important to extraoral digestion of host tissues or detoxiÞcation of host defenses. For example, acid phosphatase and trehalase activities have been observed in salivary gland extracts of L. rugulipennis Poppius, and phenolase activity has been observed in gland extracts of both L. rugulipennis and L. hesperus (Strong and Kruitwagen 1968, Laurema et al. 1985) . Although evidence for the presence of phosphatase, trehalase, and phenolase has been observed in salivary gland extracts, these enzymes have not been observed directly in discharged saliva of L. hesperus (Strong and Kruitwagen 1968, Laurema et al. 1985) . Improved knowledge of Lygus salivary proteins could lead to a better understanding of LygusÐ host interactions, and could facilitate the development of crops that are tolerant or resistant to Lygus feeding. Therefore, our objective was to use high-performance liquid chromatography with Orbitrap mass-spectrometry to identify previously undocumented salivary proteins of L. hesperus adults.
Materials and Methods
Experimental Insects. L. hesperus adults were obtained from a laboratory colony maintained on green bean pods (Phaseolus vulgaris L.) and raw sunßower seeds (Helianthus annuus L.) in controlled environmental conditions (Ϸ27ЊC, 50 Ð70% RH, and a photoperiod of 14:10 [L:D] h). The colony was established from adults collected from Þelds of alfalfa (Medicago sativa L.) near Shafter, CA. L. hesperus populations reared in laboratory conditions for Ͼ3 generations begin to exhibit physiological traits that are not common among wild populations (Spurgeon 2012 ). Therefore, experimental insects were Յ3 generations removed from Þeld populations. Prereproductive adults (Ͻ5 d old at 27ЊC) feed more than reproductive adults (Ͼ6 d old at 27ЊC), and do not exhibit reproductive behaviors such as oviposition (Cooper and Spurgeon 2011) . Therefore, only prereproductive adults were used for experiments.
Mass Spectrometry and Protein Identification. Each saliva collection plate was prepared under sterile conditions by stretching two layers of ParaÞlm M (Pechiney Plastic Packaging Company, Chicago, IL) over the bottom of a sterile 100-by 15-mm petri dish with beveled stacking ridges on its base (BD Biosciences, East Rutherford, NJ) (Cooper et al. 2010) . Turning the petri dish upside down with the beveled stacking ridges facing up created a shallow dish that held 4 ml of 5% sucrose diet, which was spread evenly under the ParaÞlm. To stimulate L. hesperus feeding, Ͻ100 l of 5% sucrose solution was spread evenly over the surface of the ParaÞlm by using a Kimwipe (Kimberly-Clark Corporation, Irving, TX). Three collection plates were placed in each of sixteen 4-liter plastic buckets with 125 L. hesperus adults in each bucket. Three collection plates in each of 16 buckets without insects were used for controls. Shredded paper was placed inside each bucket to minimize cannibalism by the insects. Buckets were held for 24 h in an environmental chamber maintained at 26.7 Ϯ 0.5ЊC, 50 Ð70% RH, and a photoperiod of 14:10 (L:D) h. After 24 h of stylet-probing and salivary discharge by the insects, collection plates were removed from the buckets and rinsed with deionized water. Diet was collected under sterile conditions by making a small incision in the ParaÞlm at a gap between beveled stacking ridges and pouring the stylet-probed diet into sterile centrifuge tubes (BD Biosciences, East Rutherford, NJ). Sterile deionized water (2 ml) was pipetted into the incision site, swirled for 10 s, and pooled with the stylet-probed diet. Diet pooled from 24 collection plates (eight buckets, 1,000 insects) were concentrated to 300 l by using centrifuge concentrators with 3,000 molecular weight cut-offs (Amicon-15 Ultra; Millipore, Billerica, MA), and then concentrated to pellet by trichloroacetic acidÐacetone precipitation. For trichloroacetic acidÐacetone precipitation, a 1:8:1 mixture of salivary sample:acetone:trichloroacetic acid was incubated at Ϫ20ЊC for 1 h, centrifuged at 15,000ϫG in 4ЊC for 15 min, then washed and centrifuged twice at 15,000ϫG with chilled acetone. Samples (n ϭ 2 concentrated stylet-probed diets, two concentrated control diets) were dissolved in eight-M urea, 100-mM TrisHCL pH ϭ 8.5, 5-mM tris(2-carboxyethyl)phosphine and incubated at room temperature for 20 min. After incubation, samples were alkylated with 1/20th volume of 200 mM iodoacetamide for 15 min in dark at room temperature. Samples then were diluted with four volumes of 100-mM ammonium bicarbonate, and digested with 8-g/ml trypsin for 4 h at 37ЊC. Digested samples were acidiÞed with 5% formic acid at room temperature. Samples were analyzed on a hybrid LTQ-Oribitrap mass spectrometer (Thermo Fisher, Waltham, MA) coupled to a New Objectives PV-550 nano-electrospray ion source (New Objectives, Woburn, MA) and an Eksigent NanoLC-2D chromatography system (Eksigent, Dublin, CA). Peptides were analyzed by trapping on a 2.5-cm ProteoPrepII precolumn (New Objective, Woburn, MA) and separating on a 75-m (inner diameter) fused silica column packed with 10 cm of Magic C18 AQ (Michrom Bioresources, Auburn, CA) terminated with an integral fused silica emitter. Peptides were eluted using a 5Ð 40% acetonitrile/0.1% formic acid gradient performed over 40 min at a ßow rate of 300 nl/min. MS-grade solvents were from Burdick and Jackson (Honeywell International Inc., Morristown, NJ) or JT Baker (Avantor Performance Materials, Center Valley, PA), and sequencing grade trypsin was from Promega (Fitchburg, WI). Other reagents were the highest grade available from SigmaAldrich (St. Louis, MO).
During elution, samples were analyzed using one full range FT-MS scan (nominal resolution of 60,000 FWHM, 300-2000 m/z) and six data-dependent MS/MS scans performed in the linear ion trap. MS/MS settings used a trigger threshold of 8,000 counts and monoisotopic precursor selection. Parent ions that had unassigned charge states, that were identiÞed previously as contaminants on blank gradient runs, or that had been selected previously for MS/MS were rejected. Column performance was monitored using trypsin autolysis fragments (m/z 421.76) and blank injections between samples.
Mass spectrometry data were searched against individual protein sequences from the complete National Center for Biotechnology Information nonredundant protein database and from a National Center for Biotechnology Information database consisting only of arthropod proteins. Mass spectrometry data were analyzed using Mascot (Matrix Science, London, United Kingdom) with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10.0 PPM. S-carbomoylmethylcysteine cyclization, n-formylation, and acetylation of the n-terminus, oxidation of methionine, and iodoacetamide derivative and adduct of cysteine, were speciÞed as variable modiÞcations. Scaffold version 2.2.00 (Proteome Software Inc., Portland, OR) and the PeptideProphet algorithm (Keller et al. 2002) were used to validate MS/MS based peptide and protein identiÞcations. Protein identiÞcations were accepted if they could be established at Ͼ99% probability based on Ն2 unique peptides identiÞed with 80% certainty. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Colorimetric Enzyme Assays. Saliva collection plates were prepared as described for collection of samples for mass spectrometry. Two collection plates were placed in each of 12 buckets with 150 adult L. hesperus, and collection plates in buckets without insects were used for controls. All buckets were provisioned with shredded paper and maintained at 26.7 Ϯ 0.5ЊC. After 24 h, diet was collected as described previously. Diet pooled from eight collection plates (four buckets, 600 insects) was concentrated to 1.5 ml by using centrifuge concentrators.
In separate assays, activities of polygalacturonase and ␣-amylase were measured using a colorimetric assay described by Wang et al. (1997) and modiÞed for small and dilute samples. Substrate for polygalacturonase was 0.5% polygalacturonic acid dissolved in 100-mM sodium-acetate buffer with pH of 5.0. Substrate for amylase was 0.05% soluble potato starch dissolved in 4-mM phosphate buffer with pH of 7.5. Reaction volumes consisted of equal volumes of substrate and sample (concentrated stylet-probed or control diets). Reaction mixtures were incubated in 30ЊC for 2 h. After incubation, 500 l of a solution consisting of 44-mM dinitrosalicylic acid, 375-mM sodium hydroxide, and 4-mM sodium sulÞte was added to each sample. Reactions were terminated by maintaining the samples in 95ЊC for 10 min. After the samples cooled, polygalacturonase or ␣-amylase activities were estimated by reading absorbance at 540 nm (UV-1800 UV-VIS Spectrophotometer, Shimadzu Corporation, Kyoto, Japan).
Laccase activity was measured by mixing 750 l of concentrated sample with 250 l of 0.5 mM 2,2Ј-azinobis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) dissolved in 1-mM sodium acetate buffer with pH of 5.2. Reaction mixtures were incubated in 28ЊC for 2 h, and laccase activity was measured by reading absorbance at 420 nm. In all three assays, greater absorbance corresponded with greater enzyme activity. A single trial with three replications was conducted for assays of polygalacturonase and ␣-amylase, whereas two independent trials each with three replications were conducted for assays of laccase activity. Chemicals and buffers used in enzyme assays were from SigmaAldrich except polygalacturonic acid, which was from MP Biochemicals LLC (Solon, OH).
Activity of each enzyme (polygalacturonase, ␣-amylase, and laccase) was compared between styletprobed and control diets by using PROC GLIMMIX of SAS version 9.2 (SAS Institute 2008). In analyses of polygalacturonase and amylase activity, relative absorbance at 540 nm was the dependent variable, and sample type (stylet-probed versus control diet) was the Þxed effect. In analysis of laccase activity, relative absorbance at 420 nm was the dependent variable, sample type was the Þxed effect, and trial was included as the random variable. In all three analyses, the DIST ϭ GAMMA and DDFM ϭ KR options were included in the model statements.
Salivary gland homogenates also were assessed for laccase activity. Insects were anesthetized with CO 2 and submersed in chilled saline (0.7% NaCl). Salivary glands were dissected from the insects under 10ϫ magniÞcation by using Þne forceps. Each of three replications consisted of salivary glands collected from Þve males and Þve females. Salivary glands were placed in 300 l of chilled 1-mM sodium acetate buffer (Sigma-Aldrich) and were homogenized with a sterile pipette tip. Homogenates were sonicated for 15 min, and solids were separated by centrifugation at 2000ϫG. Laccase activity of salivary gland homogenates was estimated by mixing 500 l of 0.5-mM ABTS with 250 l of gland homogenate. For controls, 500 l of 0.5-mM ABTS was added to 1-mM sodium acetate buffer without gland homogenates. Laccase activity was observed by measuring the change in absorbance at 420 nm after incubating mixtures at 28ЊC for 2 h.
Results and Discussion
Enzyme activities of polygalacturonase and ␣-amylase, which are known salivary enzymes of Lygus spp., were observed in stylet-probed diet but not in control diet (Table 1) . In addition to observing activity of known Lygus salivary proteins in stylet-probed diet, our preliminary studies (W.R.C., unpublished data) indicated that electrophoretic proÞles of proteins in stylet-probed diet observed using one-dimensional SDS-PAGE were similar to the L. hesperus salivary protein proÞles described by Habibi et al. (2001) and Shackel et al. (2005) . We therefore assume proteins identiÞed from stylet-probed diet originated from insect feeding activities including the discharge of saliva into the diet. These results demonstrated that methods developed for the collection of aphid saliva (Cooper et al. 2010 also are suitable for the collection of saliva of other Hemipteran insects. The mixtures of salivary proteins discharged into hosts by L. hesperus reportedly vary depending on the diet composition and previous host-use (Habibi et al. 2001, Zeng and Cohen 2001) . We therefore do not conclude that our results obtained from 5% sucrose diet provide a comprehensive list of L. hesperus salivary proteins. Seven proteins from green bean and seven proteins from sunßower were identiÞed in diet that was styletprobed by L. hesperus (Supp. Table S1 ). Experimental insects used for sample collections previously were fed green bean pods and sunßower seeds. In addition to host proteins, seven proteins similar to those associated with gut symbiotes of Acyrthosiphon pisum Harris (Hemiptera: Aphididae) were observed in styletprobed diet (Supp. Table S2 ). The detection of proteins from previous hosts and potential gut symbiotes in stylet-probed diet suggest that L. hesperus regurgitate while feeding. Regurgitation may allow the reuse of salivary enzymes and improve extraoral digestion of food products. Regurgitation may also discharge digestive midgut-proteins or proteins from gut microbes. These results accentuate the need to verify whether proteins discharged into diets by Lygus originated from salivation rather than from regurgitation. Habibi et al. (2001) reported variable electrophoretic proÞles of proteins discharged into artiÞcial diet by L. hesperus that previously were fed meridic diet, green beans, or pinto beans. Based on those observations, they concluded that mixtures of salivary proteins were inßuenced by the insectsÕ previous hostuse. At least some variations in electrophoretic proÞles of discharged proteins from L. hesperus fed on different diets (Habibi et al. 2001) could be explained by regurgitation of host-proteins rather than variations in salivary constituents.
Ninety-one proteins from Pantoea ananatis (Serrano) (Enterobacteriales: Enterobacteriaceae) were identiÞed in stylet-probed diet, but were not present in control diet (Supp . Table S3 ). These results suggest that P. ananatis or P. ananatis proteins were transferred to the diet during L. hesperus feeding activities. P. ananatis is a widespread ubiquitous bacterium that causes disease symptoms in a wide range of agricultural crops (Ceponis et al. 1985 , Tabei et al. 1988 , Bruton et al. 1991 , Gitaitis and Gay 1997 , PaccolaMeirelles et al. 2001 , Cother et al. 2004 , Coutinho and Venter 2009 . Little is known about the mechanisms of P. ananatis horizontal transmission, but insects are thought to vector the bacterium. It has been isolated from the guts of Alotartessus iambe (Matsumura) (Hemiptera: Cicadellidae), Glyphodes pyloalis Walker (Lepidoptera: Pyralidae), Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae), Nezara viridula (L.) (Hemiptera: Pentatomidae), and Frankliniella fusca (Hinds) (Thysanoptera: Thripidae) (Takahashi et al. 1995 , Watanabe et al. 1996 , Wells et al. 2002 , Bell et al. 2007 , Medrano et al. 2009 ). However, F. fusca is the only conÞrmed insect vector of P. ananantis (Gitaitis et al. 2003) . In addition to the proteins associated with Pantoea, nine proteins from Serratia spp. (Enterobacteriales: Enterobacteriaceae) were identiÞed in stylet-probed diet (Supp . Table S4 ). S. marcescens (Bizio) is the causal agent for cucurbit yellow vine disease in squash and pumpkin, and is vectored by the squash bug, Anasa tristis (DeGeer) (Hemiptera: Corediae) (Bruton et al. 2003) . S. marcescens also is associated with crown rot of alfalfa (Lukezic et al. 1982) . Further research is required to determine whether L. hesperus vectors P. ananantis and Serratia spp., and to assess the economic implications of L. hesperus-vectored bacteria.
In total, 15 insect proteins were identiÞed in styletprobed diet (Tables 2 and 3 ), 10 of which were characterized previously from expressed sequence tags isolated from Lygus salivary glands (Table 2 ). Of the 10 Lygus proteins detected, six were polygalacturonases, two were proteases, and two were unknown (Table 2 ). In addition to the two Lygus proteases, mass spectrometry revealed one other insect protease (Table 3). These results corroborate previous reports indicating that polygalacturonases and proteases are major constituents of Lygus saliva (Strong and Kruitwagen 1968; Agusti and Cohen 2000; Cohen 2000, 2001; Wright et al. 2006; Celorio-Mancera et al. 2009 ).
Previous studies identiÞed ␣-amylase in the saliva and salivary gland extracts of L. hesperus (Agblor et al. 1994 , Agusti and Cohen 2000 , Zeng and Cohen 2000 . Although colorimetric assays indicated the presence of ␣-amylase in L. hesperus stylet-probed diet (Table  1) , ␣-amylase was not identiÞed in stylet-probed diet by using mass spectrometry. Incomplete protein databases or loss of ␣-amylase during protein precipitation before mass spectrometry represent possible explanations for the inconsistencies between results of mass spectrometry and colorimetric assays. Regardless of the source of the inconsistencies, these results indicate that Lygus saliva may contain additional enzymes that were not detected using our methods.
Using mass spectrometry, we identiÞed laccase in diet that was stylet-probed by L. hesperus (Table 3) . The presence of laccase in stylet-probed diet was corroborated by signiÞcantly greater relative absorbance corresponding with laccase activity in the stylet-probed samples compared with control samples (Table 1) . In a separate assay, relative absorbance corresponding with laccase activity increased 0.019 Ϯ 0.0035 during 2-h reactions with salivary gland extracts, but absorbance of control reactions did not increase. Our results provide evidence that L. hesperus discharge laccase from the salivary glands into diet, but laccase activity was substantially less than activities of salivary polygalacturonase and ␣-amylase. Laccase has been identiÞed in the salivary glands and soluble saliva of Nephotettix cincticeps (Uhler) (Hemiptera: Cicadellidae) and is hypothesized to function in detoxiÞcation of phenolic plant defenses (Hattori et al. 2005 , Hattori et al. 2010 ). Laccase has not been identiÞed previously in the saliva of Lygus spp., but phenolase activity has been observed in the salivary glands of L. hesperus (Strong and Kruitwagen 1968) and L. rugulipennis (Laurema et al. 1985) . The presence and function of laccase in Lygus saliva should be conÞrmed with further research.
Mass spectrometry revealed three other insect enzymes that were not identiÞed previously from Lygus saliva: alkyl hydroperoxide reductase subunit C-like protein, glucose dehydrogenase, and xanthine dehydrogenase (Table 3) . Whereas hydroperoxide reductase and xanthine dehydrogenase have not been observed previously in insect saliva, glucose dehydrogenase has been identiÞed from the saliva of several aphid species (Hemiptera: Aphididae) (Harmel et al. 2008 , Carolan et al. 2009 , Cooper et al. 2010 , Nicholson et al. 2012 . The oxidoreductase properties of each of these enzymes suggest they may be involved in detoxiÞcation of plant defenses (Nicholson et al. 2012 ). Further research is needed to verify these results and to determine whether these enzymes are discharged from the salivary glands or are products of regurgitation.
Our Þndings contribute to a better understanding of the salivary proteins of L. hesperus. Our results corroborate previous reports that polygalacturonases, ␣-amylases, and proteasesÑ enzymes that are involved in extraoral digestion of host tissuesÑare abundant in L. hesperus saliva. In addition, we provide 
